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Several unique optical properties have been obtained from freestanding films of a bent-core compound. Our
experimental results indicate the existence of the antiferroelectric biaxial smectic-A sSmAd phase. The critical
exponent associated with the biaxiality through the uniaxial–antiferroelectric biaxial SmA transition has been
measured to be 0.82±0.04, which is in good agreement with our theoretical calculation. Our theoretical
advances further demonstrate that the critical behavior of the optical biaxiality with the order parameter being
a vector is described by the secondary-order parameter of the three-dimensionalXY model. We also observe a
remarkable even–odd layering effect exhibited by the surface layers of freestanding films under an applied
electric fields<20 V/cmd in the film plane.
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I. INTRODUCTION

In a biaxial smectic-A sSmAd phase, one of the principal
axes is along the layer normalsẑd. The other two inequiva-
lent orthogonal principal axes are in the layer plane. Depend-
ing on whetherẑ is a twofold rotational axis or not of the
biaxial SmA, the order parameter of the uniaxial–biaxial
SmA transition is a director or vector, respectively. For in-
stance, the biaxial SmA (the CM) phase predicted by de
Gennes[1] and reported in Refs.[2–4] has a twofold rota-
tional symmetry aroundẑ [see Fig. 1(a)] while the one(the
CP) predicted by Brandet al. [5] and evidenced in bulk
samples in Ref.[6] does not[see Fig. 1(b)]. TheCP hasC2v
symmetry and allows the existence of a spontaneous electric
polarization along the rotational axis which is in the layer
plane. TheCP can be ferroelectric or antiferroelectric, de-
pending on the molecular arrangements in the successive
layers.

In this paper, we report null transmission ellipsometry
(NTE) [7] studies on freestanding films of a bent-core com-
pound 1g14. Its molecular structure and phase sequence are
given in Fig. 1(c). The biaxial and uniaxial SmA phases are
named SmAdb and SmAd, respectively, due to the partial
bilayer molecular packing[8]. The enthalpy associated with
the SmAdb-SmAd transition is 0.13 kJ/mol[8], which is
relatively small and indicates that the transition is either
weakly first order or continuous. Our investigations demon-
strate that the SmAdb is the antiferroelectricCP phase. From
our high-resolution data obtained from thick freestanding
films, the critical exponentsb2d of the biaxiality, the differ-
ence of the dielectric constants in the layer plane through the
uniaxial SmA–antiferroelectricCP transition has been found
to be 0.82±0.04. The value ofb2 agrees well with our the-
oretical calculation. We show that the critical behavior of the
optical biaxiality is described by the secondary-order param-

eter of the three-dimensional(3D) XY model if the order
parameter is a vector. This is in contrast with the transitions
described by a director, where the optical biaxiality is pro-
portional to the leading order parameter. Moreover, we report
a surface transition occurring in films of even number of
layerssNd under an applied in-plane electric fieldsEd on the
order of 20 V/cm. Such a surface transition does not occur
in films of oddN.

II. EXPERIMENTAL METHODS

In our NTE,D measures the phase difference between the
p̂ and ŝ components of the incident light with wavelength
633 nm to produce linearly polarized transmitted light.C
describes the polarization angle of this linearly polarized
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FIG. 1. (a) and (b) schematically show the molecular packing,
the principal axes, and the dielectric constants of theCM and CP

phases.(c) presents the chemical structure and phase sequence of
1g14. The bend in the molecule is determined by the bonds to the
central benzene ring. To save space, the molecule is drawn straight.
(d) and (e) depict the film plates used in our studies.(f) and (g)
show the two different geometries of the biaxial ellipsoid relative to
the incident plane.
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light. Our resolution forC and D is 0.002°. Details of our
NTE are described in a recent paper[9].

In our studies, a small dcE of about 20 V/cm is applied
in the layer plane. If there is a nonzero net electric polariza-
tion in the layer plane, the alignment of the electric polariza-
tion by E can create a single domain larger than our laser
beam. Note that the range of ourE strength is large enough
to align the molecular orientation but is too small to change
the intrinsic properties of liquid crystals[10]. Moreover, the
effect due to the coupling between the dielectric anisotropy
[11] and such smallE can be ignored because the coupling is
of higher order ofE. Upon reducingE field to zero, the films
in the SmAdb phase will develop multidomains due to ther-
mal fluctuations.

Two kinds of film plates depicted in Figs. 1(d) and 1(e)
have been used in our studies. For the one in Fig. 1(d), the
voltages applied to the electrodes areVm=V cosf45°3 sm
−1d−ag, wherem ranges from 1 to 8. In this way, a uniform
rotatableE with azimuthal anglea can be created in the
center of the hole where our laser beam passes through.
Whena=90° or 270° the direction ofE is perpendicular to
the incident plane defined by the wave vector of the laser
light andẑ. The film plate illustrated in Fig. 1(e) allows us to
apply E parallel or perpendicular to the incident plane. For
instance, by settingV, 0, −V, and 0 to electrode 1, 2, 3, and
4, respectively,E pointing from the midpoint of electrode 1
to the midpoint of electrode 3 can be created in the center of
the hole. The diameter of the hole on the film plate with eight
and four electrodes was 4.5 and 2.0 mm, respectively. The
distance between the parallel electrodes of the film plate with
four electrodes was 4.5 mm. The area of our laser spot on
films is less than 0.5 mm2.

A simulation ofE in the film plate with four electrodes is
shown in Fig. 2. At the corners and the places that are close
to two electrodes with zero potential,E is curved and strong.
However, in the area where the films locate(in the circle), E
is uniform and weak. The simulation ofE for the film plate
with eight electrodes can be found in Ref.[9]. It also shows
that E is uniform in the region where our film is located.
These simulations have demonstrated that the deviation of
the direction ofE from the desired direction in the area of the
laser spot for both types of film plates is less than 1°. Both

types of film plates work fine for applyingE parallel or per-
pendicular to the incident plane. We compared the results
obtained using both film plates and found out they are the
same. These two film plates have very different boundary
conditions and yield different orientation as well as strength
of E near the boundaries. The consistency of our experimen-
tal data obtained from the centers of the film holes of two
different film plates demonstrates that the effect of boundary
E is small and can be ignored.

In freestanding films the thickness is quantized in integer
numbers of layers. For freestanding films in the uniaxial
SmA phase, there are analytical solutions forC andD as a
function of the dielectric constants alongẑ s«e0d and in the
layer planes«od, the layer spacingsh0d, and N [9,12]. By
measuringC andD of many films with different thicknesses
and fitting the data with analytical calculations,«e0, «o, and
h0 (and N of these films) can be obtained[13]. After the
optical parameters are known,N of any film can be deter-
mined. For 1g14, at 1 K above the SmAdb-SmAd transition
temperaturesTcd in the uniaxial SmAd phase, about 30
films were prepared and«e0, «o, h0 were acquired to be
s1.635±0.003d2, s1.515±0.001d2, and 5.21±0.03 nm, re-
spectively. Our layer spacing measurement agrees well with
the result obtained from x-ray diffraction[8,14].

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. The biaxial SmA phase

At Tc−T=3.2 K in the SmAdb phase, rotations ofE on
many films were performed by using the film plate with eight
electrodes. The scattering nature of the data obtained from
films of evenN indicates that there is no detectable net elec-
tric polarization in the film plane while data from films of
oddN suggest that there is a net polarization. This even–odd
layering effect is typical for antiferroelectric samples in
which the direction of the electric polarization alternates
from layer to layer[15]. Data acquired from four-, five-, six-,
and seven-layer films are shown in Fig. 3.

More importantly, the data obtained from films of oddN
strongly suggest that neitherC nor D changes upon reversal
of E; namely, the optical properties of the film are invariant
upon such reversal. Since the molecules are rotated aroundẑ

FIG. 2. E map from numerical simulations for the film plate
with four electrodes. The potentials of four electrodes in arbitrary
units are labeled beside them, respectively. The middle circle indi-
cates the position of the opening where freestanding films suspend.

FIG. 3. C andD versusa from four-, five-, six-, and seven-layer
films (a)–(d) under uEu=22 V/cm at Tc−T=3.2 K in the SmAdb

phase.C from four- and six-layer films are not shown to save
space. The solid lines in(b) and (d) are fits to the data.
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by 180° upon reversal ofE, the invariance means thatẑ is
one of the principal axes of the dielectric tensor of films of
oddN. Thus,ẑ is also one principal axis for a single layer. In
addition, the variation ofC andD as a function ofa suggests
that the other two principal axes of the dielectric tensor must
be inequivalent. Therefore, these demonstrate that the
SmAdb phase is the antiferroelectricCP phase.

Numerical simulations of the data obtained under rota-
tions of E were done with the 434 matrix method[12].
«e, «o1, «o2, and the layer spacingshd used in the simulation
of Figs. 3(b) and 3(d) are 1.6752, 1.51052, 1.51952, 5.14 nm
and 1.7002, 1.5102, 1.5202, 5.16 nm, respectively. The re-
spective parameters to fit the data obtained from 121- and
43-layer films at 3.8 K belowTc are 1.6502, 1.5112, 1.5192,
5.16 nm, and 1.6502, 1.5112, 1.5192, 5.19 nm. These param-
eters indicate that the variations ofh and the dielectric con-
stants from the values in the SmAd phase are small when
temperature is close toTc. This will be useful for later dis-
cussions.

Upon removing the appliedE, the Schlieren texture with
only s= ±1 point defects characterized by four dark brushes,
is visible by the reflected optical microscopy under crossed
polarizers. One of such pictures from an odd-layer film taken
at 135 °C is shown in Fig. 4. From 15 different films with
E=0, we always observe severals= ±1 point defects in each
film and did not observe anys=half-integer point defect.
Some films were prepared and observed without appliedE.
Thus the molecular arrangement belowTc is truly a biaxial
Cp phase.

B. Critical exponent associated with the biaxiality

Our next goal is to study the temperature dependence of
the biaxiality «o2−«o1. If one of the principal axes of the
dielectric tensor in the layer plane of the SmAdb phase is in
the incident plane, as is depicted in Figs. 1(f) and 1(g), there
are analytical solutions forC andD following Refs.[12] and
[9]. If the dielectric constants are uniform alongẑ, the two
configurations in Figs. 1(f) and 1(g) can be achieved by ap-
plying E perpendicular and parallel to the incident plane,
respectively, to films of oddN because they have a nonzero
net electric polarization. LetDp and Di denoteD for the
configurations in Figs. 1(f) and 1(g), respectively. Also

do1, do2, dh, and de indicate the temperature variation of
«o1, «o2, h, and«e from the values(«o, «o, h0, and«e0, re-
spectively) in the uniaxial SmA phase. Within the tempera-
ture range we studieddo1, do2, dh, andde are small. We have

Dp − Di ; Ds«o2,«o1,h,«ed − Ds«o1,«o2,h,«ed

; Ds«o + do2,«o + do1,h0 + dh,«e0 + ded

− Ds«o + do1,«o + do2,h0 + dh,«e0 + ded

< fD1s«o,«o,h0,«e0d − D2s«o,«o,h0,«e0dgs«o2 − «o1d

where D1 and D2 are the first-order derivatives ofD with
respect to the first and second variable, respectively. In the
approximation, only the first order terms of the Taylor ex-
pansion are taken into account. From the analytical solutions,
we know thatD1−D2 is nonzero for physically reasonable
parameters. Thus,Dp−Di is proportional to«o2−«o1.

Temperature ramps were conducted on many films of odd
N with both film plates. Although the films were prepared
and kept in an inert gas environment, we detected a notice-
able 0.50 mK/min drift inTc due to sample thermal degra-
dation. To minimize the complications caused by such an
effect, we acquired the data in the following procedures.
During temperature ramps the direction ofE was switched
every 5 min between being perpendicular and parallel to the
incident plane. The temperature ramping rate was set to be
12 mK/min belowTc−0.8 K and 6 mK/min above that tem-
perature. Typical data obtained from a 321-layer film are
presented in Fig. 5(a). As the inset of Fig. 5(a) shows, be-
tweenT2 and T3, the direction ofE is perpendicular to the
incident plane. We do not have the data forE in the incident

FIG. 4. This picture shows the image captured from an odd-
layer film with E=0 at T=135 °C under crossed polarizers. Seven
±1 point defects can be identified in this photo.

FIG. 5. (a) shows the temperature dependence ofD from a 321-
layer film under two directions ofE with uEu=25 V/cm obtained
upon heating. Open and solid circles are forE parallel and perpen-
dicular to the incident plane, respectively. The inset shows the data
over a small temperature window close toTc. (b) presentsDp−Di of
the data in(a). The inset highlightsDp−Di aboveTc with circles for
the 321-layer film. The squares in the inset areDp−Di from a seven-
layer film. (c) showsdsDp−Did versusTc−T in a log to log scale for
the 321-layer film after the effect due to surface layers is subtracted
below Tc. Symbols are results and the solid line is a linear fit. The
error bar of temperatures is also displayed in(c). Due to the fact
that the direction ofE was switched upon heating, the error bar is
30 and 15 mK below and aboveTc−0.8 K, respectively.
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plane. However, since this window is small(0.03 K in the
inset), the data are determined by linear interpolation of the
data overT1 andT2, andT3 andT4. A similar procedure has
been applied to the data withE perpendicular to the incident
plane. Then the difference as a function of temperature can
be taken and the results are presented in Fig. 5(b). The inset
of Fig. 5(b) showsDp−Di aboveTc with circles for the 321-
layer film. The nonzeroDp−Di is due to the biaxiality in
surface layers with enhanced ordering. A linear fit is done for
the results aboveTc+0.3 K and the effect due to surface
layers is subtracted from the results in Fig. 5(b). The final
resultsdsDp−Did below Tc are presented in Fig. 5(c) in a
log-log plot. A linear function provides an excellent fit over
about two decades in the reduced temperature scale with a
slope ofb2=0.83.

As briefly mentioned above, the effect of surface layers
on Dp−Di is assumed to be linear with temperature for sim-
plicity. For comparison,Dp−Di from a seven-layer film
above Tc is also presented in the inset of Fig. 5(b) with
squares. As shown in the inset,Dp−Di from 321- and seven-
layer films coincide at temperature 0.2 K aboveTc. This
indicates that there are at most seven surface layers which
differ from the interior layers. Thus the error due to the sur-
face layers onb2 from the 321-layer film is less than 3%.

Similarly, b2 obtained from 587-, 597-, and 151-layer
films is 0.78, 0.84, and 0.83, respectively. The average is
0.82 and the error bar is<0.04 to cover all the results. This
value is for sure more than twice the order parameter expo-
nent of the 3DXY model: b<0.35. In the following, we
demonstrate that the optical biaxiality in theCP phase does
not scale with the order parameter exponentb, but rather
with a different and independent critical exponentb2ù2b.
Here the equality takes place only above the upper critical
dimensionsd=4d, while in 3D samples this is a strict in-
equality. This statement should be contrasted with the behav-
ior of the biaxialCM phase, where the optical biaxiality is
proportional to the leading order parameter.

The orientation of moleculelW in liquid crystal layerm can
be characterized by a vector of dipole momentdlWm. In theCP
phase, the dipole nature of molecules and the character of
ordering tell us that the order parameter for the transition

into theCP state isFW ~ s−1dmdlWm and~dlWm for the antiferro-

electric and ferroelectricCP, respectively. In terms ofFW sr d,
the transition is described by an anisotropic 3DXY model.
The orientation of the principal axes of the dielectric tensor

«̂sr d is related to the orientation ofFW sr d, and thus fluctuates
together with it. At optical frequency, in terms of the angle
fsr d between this vector and a direction in the laboratory

frame«̂=ÔTsfddiagh«1,«2jÔsfd. HereÔsfd is an azimuthal
rotation matrix of a molecule, and«1,2 are the principal di-
electric constants of a fully-ordered state. The biaxiality is
characterized by the difference of the observed principal val-
ues of the dielectric tensor«o1−«o2=s«1−«2dkcos 2fl
~ fksnW ·FW d2l−1/2g, with nW being a unit vector in the direction
of the spontaneous polarization.

The critical exponentb2 of ksnW ·FW d2l cannot be expressed

in terms of the leading-order parameterknW ·FW l of the critical

exponentb, but, like b, it may be evaluated by the conven-
tional renormalization group procedure[16,17]. For that pur-

pose, we add a perturbationwksnW ·FW d2l to the conventional
Hamiltonian of theXY model,

H =E ddxfKs¹W · FW d2 + tFW 2 + usFW 2d2g,

and use the 4−e expansion technique. The straightforward
one-loop renormalization group equations for the coupling
constants read

dt/dj = 2t − 32tu − 8wu,

du/dj = eu − 80u2,

dw/dj = 2w − 16wu.

The first two equations here are fairly standard[18], while
the last one is needed to find the critical exponentb2. The
fixed point to the linear order ine is given byu* = e /80 and
t* = w* =0, and the relevant fixed point eigenvalues areyt
=2−2e /5; andyw=2−e /5. According to the standard scaling
arguments[18] the order parameter critical exponent is given
by b2=sd−ywd /yt, which leads tob2=1−e /5. Notice that to
the same order ine the leading exponent is[18] b= 1

2s1
−3e /10d and therefore, indeed,b2.2b for d,4, the upper
critical dimensionality for theXY model. Employing two-
loop results from Ref.[17], one findsb2=1−e /5+3e2/50
+Ose3d. Substituting finallye=1, one may estimate the ex-
ponent asb2<0.86, in a very good agreement with our ex-
perimental findingb2=0.82±0.04.

Our b2 also agrees well with the critical exponent of the
second harmonic-order parameter determined from the x-ray
diffraction intensity profile through the SmC to SmI transi-
tion [16]. Unlike previous measurements[16], where the
whole set of exponentsbn s1ønø7d were extracted from
the same data, the optical biaxiality is exclusively related to

the secondary-order parameterksnW ·FW d2l of theCP, and there-
fore provides a direct access to the value ofb2. This discus-
sion clarifies the difference between theCP andCM phases.
In the latter case the leading order parameter iskcos 2fl
(sincekcosfl is identically zero by the director nature of the
order parameter). Thus, the optical biaxiality is proportional
to the leading order parameter[19].

C. Even–odd layering effect on the surface layers

In addition to the critical exponent, the surface layers of
freestanding films of 1g14 also show a remarkable even–odd
layering effect underE on the order of 20 V/cm. The tem-
perature dependence ofD obtained upon heating from four
films using the film plate with eight electrodes underuEu
=22 V/cm are presented in Fig. 6. From the data,D at a
=90°sD90d is always larger thanD at a=0°sD0d for films of
oddN. For films of evenN, there is a temperature window in
which D90,D0. At high enough temperatures, like the data
obtained from films of oddN, D90.D0.

The observation can be explained by the following model.
As temperature approachesTc from below, the interior layers

WANG et al. PHYSICAL REVIEW E 70, 061705(2004)

061705-4



gradually become uniaxial. However, due to the enhanced
surface ordering, the surface layers can be biaxial even at
temperatures aboveTc. In films of oddN, the polarizations of
the two surface layers are parallel in the SmAdb phase and
remain so as temperature increases underE. A model of films
of odd N is schematically depicted in Fig. 7(a) with a three-
layer film as an example.b1 and b2 represent the twob
vectors(and the two polarizations) of the two surface layers.
The straight rod in the right cartoon conveys that this layer
becomes uniaxial. The result is that on average the dielectric
constant alongE s«id is always larger than the one perpen-
dicular toE s«'d andD90 is always larger thanD0 as long as
there is some polarization and biaxiality in the surface layers.

However, for films of evenN, the polarization of the two
surface layers are antiparallel in the SmAdb phase. As tem-
perature increases, the coupling of the surface layers through

the interior layers becomes weak. A smallE can slightly
distort the ground state, leading to the structure shown in
Fig. 7(b.1). The angle betweenb1 andE is equal to the one
betweenb2 andE. The two angles are slightly smaller than
90°. This arrangement of the two surface polarizations gives
a net polarization along the direction ofE. In this arrange-
ment,«i is smaller than«'. Thus,D90,D0 is expected. As
temperature continues to increase, the angle betweenb1 and
b2 becomes smaller. Eventually, they are forced to be parallel
to each other. The result is«i .«' and D90.D0. What oc-
curs in even-layer films viewed along a direction perpendicu-
lar to ẑ andE is also schematically shown in Fig. 7(b.2). This
argument yields a satisfactory explanation of our data shown
in Fig. 6.

At given temperature, increasing the strength ofE can
also induce the surface transition in even-layer films. Data
obtained from an eight-layer film under two strengths ofE at
T−Tc=2.5 K is presented in Fig. 8. UnderE=4.5 V/cm,
both C and D as a function ofa exhibit a W-like curve,
which suggests that«i ,«'. UnderE=20 V/cm, the curves
of both C andD as a function ofa are M-like, which indi-
cates that«',«i. This behavior can be explained by the
above argument, namely, underE=4.5 V/cm, the angle be-
tweenb1 andb2 is close to 180° while underE=20 V/cm,
the angle is close to 0°.

Another point is that in Figs. 6(a) and 6(c), there is a
temperature at whichD0 andD90 cross(indicated asT5 and
T6, respectively). T5 is 2° higher thanT6. This is because the
coupling of two surface layers is stronger in eight-layer films
than in ten-layer films. It needs more thermal fluctuation to
break the coupling of two surface layers in eight-layer films
than ten-layer films under the same strength ofE.

IV. CONCLUSION

In summary, NTE results obtained from freestanding films
are presented to demonstrate the existence of the antiferro-
electricCP phase. The critical exponent associated with the
biaxiality has been measured to beb2=0.82±0.04. This

FIG. 6. D versus temperature obtained upon heating at
30 mK/min from eight-, nine-, ten-, and 11-layer films(a)–(d).
During heating,a was switched between 0°(open circles) and 90°
(solid circles) every 5 min. The strength ofE was 22 V/cm for all
the films.

FIG. 7. (a) and (b) schematically depict what occurs in films
with odd and even layers underE as temperature is increased from
the biaxial to uniaxial SmA phase, respectively. In(a) and(b.2), the
viewing direction is perpendicular toẑ andE. In (b.1) the viewing
direction is alongẑ. The straight rods in(a) and (b.2) convey that
these layers become uniaxial.

FIG. 8. C andD versusa obtained from an eight-layer film at
2.5 K above Tc under E=4.5 V/cm (open circles) and E
=20 V/cm (solid circles). The solid lines are guides to the eye.
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value has been identified(and compared favorably with the
second-ordere expansion) as secondary-order parameter ex-
ponent of the 3DXY model. We believe that our result is the
first direct measurement ofb2. We also point out the crucial
difference with the critical behavior of the optical biaxiality
in the CM phase, which is governed by the leading order
parameter. Unusual surface behavior depending on whether
N is even or odd under an appliedE has been presented and
explained.
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